It is demonstrated that the incorporation of variable pulse duration flashlamp power supplies into an Nd: YAG burst mode laser system results in very substantial increases in the realizable energy per pulse, the total pulse train length, and uniformity of the intensity envelope. As an example, trains of 20 pulses at burst frequencies of 50 and 20 kHz are demonstrated with individual pulse energy at 1064 nm of 220 and 400 mJ, respectively. Conversion efficiency to the second-(532 nm) and third-(355 nm) harmonic wavelengths of ∼50% and 35-40%, respectively, is also achieved. Use of the third-harmonic output of the burst mode laser as a pump source for a simple, home built optical parametric oscillator (OPO) produces pulse trains of broadly wavelength tunable output. Sum-frequency mixing of OPO signal output at 622 nm with residual output from the 355 nm pump beam is shown to produce uniform bursts of tunable output at ∼226 nm, with individual pulse energy of ∼0:5 mJ. Time-correlated NO planar laser induced fluorescence (PLIF) image sequences are obtained in a Mach 3 wind tunnel at 500 kHz, representing, to our knowledge, the first demonstration of NO PLIF imaging at repetition rates exceeding tens of hertz.
Introduction
While there has been enormous progress in recent years in the development and application of a variety of optical diagnostic imaging techniques, the ability to capture time-resolved or volumetric information is severely constrained by limitations of available laser technology. Over the past several years, there has been considerable effort expended to develop the capability of generating "trains" of ∼20-30, or more, high-energy-high-repetition-rate Nd:YAG pulses, using the "pulse burst" approach [1] [2] [3] [4] [5] [6] . While reported burst mode Nd:YAG systems differ in the details of their design, they all share certain basic characteristics. Specifically, reported systems typically utilize a low-power (of the order of 100 mW, typically) master oscillator (typically Nd:YAG) that is "sliced" into a burst train using either a pair of electro-optic Pockel cells [1] [2] [3] [4] or an acousto-optic deflector [5] . An exception is the system reported by Den Hartog et al. [6] in which a repetitively Qswitched diode-pumped Nd:YVO 4 laser is used as the master oscillator. The burst train is then amplified in a series of flashlamp-pumped Nd:YAG or Nd: glass [6] amplifiers. Typical reported burst sequences consist of ∼8-40 pulses, with interpulse spacing as low as 1 μs and individual pulse duration of between 6 and 25 ns. For all reported experimental results previous to that which will be presented here, significant energy pulses were demonstrated for burst sequences no longer than ∼100−150 μs in duration, limited by the temporal gain profile resulting from the use of conventional fixed pulse duration flashlamp power supplies, such as those which are used for ordinary Q-switched Nd:YAG laser systems. The total energy per burst sequence was also limited to the order of ∼1:5 J at 1064 nm, divided approximately equally but with not insignificant (typically AE10-30% or more) modulation of the intensity envelope. Burst trains typically have repetition rates as high as 10 Hz, although at high energy, operation at a few hertz (1-2) results in better beam quality.
In this paper we report significant enhancement of the achievable individual pulse energy, to as high as ∼400 mJ=pulse, the pulse train length, to ∼1 ms, and uniformity (AE5%, or better) of the intensity envelope resulting from incorporation of variable pulse duration flashlamp power supplies. We also demonstrate planar laser induced fluorescence (PLIF) imaging of NO [7] [8] [9] at burst frequencies as high as 500 kHz using tunable ultraviolet burst mode output derived from an optical parametric oscillator (OPO) [10] pumped by the third-harmonic output of the burst mode Nd:YAG system. To our knowledge, this work represents the first demonstration of NO PLIF imaging at repetition rates exceeding tens of hertz. The only comparable capability, to our knowledge, is that reported by Kaminski et al. [11] and Kittler and Dreizler [12] . Kaminski et al. used four individual and independent double-pulsed Nd:YAG lasers to pump a single commercial dye laser, which was used for OH PLIF imaging. Starting with 270 mJ per individual pulse at 532 nm, Kaminski et al. were able to generate eight pulses at 282 nm, with an average energy of ∼1 mJ=pulse and a repetition rate of ∼8 kHz, constrained by the high-intensity pumping requirement of the dye laser. Kittler and Dreizler used a frequency-doubled dye laser pumped by a 5 kHz Nd:YLF laser to obtain UV light at 283 nm for turbulent flame studies [12] . They obtained 22 μJ=pulse at 283 nm.
Experiments

A. Laser System
The burst mode Nd:YAG laser has been described in detail previously [1, 2] and will therefore only be summarized here. As illustrated in Fig. 1 , a continuous wave diode-pumped Nd:YAG ring laser serves as the primary oscillator, the output of which is preamplified in a double-pass flashlamp-pumped pulsed amplifier. The amplifier rod is 100 mm in length by 6:3 mm in diameter and is wedged at a few degrees to mitigate self-lasing. The resulting smooth pulse is formed into a "burst" train using a custom, dual Pockel cell "slicer," the output of which is further amplified in a series of four additional flashlamppumped amplifiers, with 6.3, 6.3, 9, and 12:7 mm diameter × 100 mm length rods, respectively. While our previous work has utilized power supplies with fixed pulse duration of ∼300 μs (Analog Modules 8800 Series) to drive the amplifier flashlamps, the measurements to be reported in this paper utilize new flashlamp supplies (Analog Modules 8800 V Series). These supplies have variable pulse width, between 0.3 and 2:0 ms and maximum flashlamp energy of 300, 400, and 600 J, respectively, for pumping the 6.3, 9, and 12:7 mm rods. For typical laser operation the lamp energy utilized scales approximately linearly with burst duration. The fundamental output at 1:06 μm is converted to either the second-harmonic wavelength (532 nm), using a type II KTP second-harmonic generation (SHG) crystal, or to the third-harmonic wavelength (355 nm), using a pair of noncritically phase matched type I LBO crystals, as described by Dergachev et al. [13] . As described in detail previously [2] a stimulated Brillouin scattering phase conjugate mirror (PCM), similar to that which has been employed in pulsed dye lasers to remove amplified spontaneous emission [14] , is inserted between the third and the fourth amplifiers, the purpose of which is to eliminate a low intensity pedestal resulting from finite on/off contrast of the pulse slicer and to suppress amplified spontaneous emission growth in the forward direction. The final output is a flexible "burst" of pulses, with interpulse spacing as short as 1 μs and individual pulse duration as short as 4 ns. The number and spacing of the pulses is quite flexible, limited by the 0:3-2:0 ms period for which the flashlamp-pumped amplifiers have significant gain. The spectral linewidth at 532 nm is ∼160 MHz (FWHM) when measured using a scanning Fabry-Perot etalon in front of the PCM, which is a factor of approximately 2 greater than the Fourier transform limit of ∼55 MHz for the 8:2 ns (FWHM) duration of the individual pulses [15] . It is additionally broadened to ∼320 MHz by the PCM due to the stimulated Brillouin scattering process [16, 17] . The repetition rate of the burst sequence is as high as 10 Hz but is typically limited to 1-4 Hz when operating with burst envelopes exceeding ∼0:5 ms due to thermal loading of the amplifier rods.
B. OPO System
NO PLIF measurements employ a simple, home built 355 nm pumped cavity that has been described in detail previously [10] . The "gain" medium consists of a pair of 12 mm long type I BBO crystals that are 5 mm × 7 mm in cross section and arranged in a linear cavity configuration. The crystals are oriented to provide walk-off compensation between the pump and the signal/idler beams, which provides higher effective gain for the relatively small cross-sectional area (∼3 mm diameter) pump beam [18, 19] . The cavity employs a broadband high reflector and output coupler coated for 20-30% reflectivity in the wavelength range of 600-850 nm. This low-finesse cavity provides feedback at both the signal and the idler wavelengths, with measured round trip gain exceeding 10 4 at 18 mJ of 355 nm pump [10] , greatly exceeding the cavity losses for both signal and idler waves. The 355 nm pump beam is coupled into and out of the cavity using a pair of dichroic mirrors. In some cases the pump beam is retroreflected, producing OPO gain for both directions of signal and idler propagation, which otherwise, due to the phase matching requirement, occurs only in the propagation direction parallel to that of the pump. The total cavity length is ∼100 mm, limited by the size of the current pumpmirror mounts. A single-frequency external-cavity diode laser can be used to injection seed the cavity at the idler [20, 21] wavelength, which results in OPO output pulses with a time averaged linewidth of ∼300 MHz [16] , as determined using a commercial (High Finesse SP7) Fizeau wavemeter system with resolution of ∼100 MHz, according to manufacturer's specification. The seed radiation is injected through the output coupler using a Faraday-rotation optical isolator in a manner similar to that employed previously for injection seeding of a titanium:sapphire laser [22] . The required 226 nm radiation is produced by sum-frequency mixing of the signal output of the OPO, at 622 nm, with residual from the 355 nm pump beam.
C. Camera System PLIF image sequences are captured using a Princeton Scientific Instruments PSI-IV framing ICCD camera [23] . The basic PSI-IV image sensor consists of an 80 × 160 array of 115 μm × 115 μm pixels, each of which has its own integrated 28 element memory buffer. Charge is shifted from the photo active area, which constitutes approximately 50% of the total pixel area, to memory at a maximum frame rate of 1 MHz. After acquisition of the desired sequence, the image set is transferred to a PC. The PSI-IV is designed to enable up to four 80 × 160 image sensors to be incorporated into a single camera, for a maximum resolution of 160 × 320 pixels. The version used for this work consisted of a pair of sensors, with total available resolution of 160 × 160 pixels.
While not yet studied in detail, the dynamic range of the PSI-IV, according to manufacturer's specification, is ∼3000. A lens coupled UV sensitive microchannel plate intensifier with fast decaying phosphor (∼160 ns according to manufacturer's specification) provides time gating capability with minimum exposure time of approximately 10 ns. While also not yet studied in detail, it is noted that in the absence of well depth saturation no spillover of intensity from one frame to the next has been observed.
Results and Discussion
A. Small Signal Gain and Sample Burst Trains
As a first step toward characterizing the performance of the new variable pulse width flashlamp power supplies Fig. 2 shows "small signal" gain at a variety of flashlamp driver pulse energies and time durations. The data were obtained by substitution of the 8800V for the fixed pulse width power supply that was previously used to pump the first amplifier in the chain, which is located between the master oscillator and the pulse slicer. Note that the data shown in Fig. 2 were obtained for the same two-pass geometry that is used in the actual laser system (quarterwave plate, retroreflector, polarizer, and optical isolator). The data given correspond to the net gain, including losses from the two-pass geometry optics. For comparison purposes, the time-dependent small signal gain is also given for the old, fixed pulse length power supply, which has a nominal pulse duration of 300 μs and energy input to the flashlamp of 40 J (this amplifier has a single lamp). To improve the clarity of the display the time axis for this amplifier is shifted by ∼100 μs. It can be seen that the original amplifier achieves a net two-pass gain of approximately 600, although the single pass gain, measured with no optical losses, is approximately 30-35. The new supply, operated with 300 μs pulse width and 40 J of energy input to the lamp, has slightly higher net two-pass peak gain, approximately 700.
It can be seen in Fig. 2 that reasonably flat twopass gain, exceeding ∼1000×, can be obtained for pulse durations as long as ∼1 ms. Note that for these long temporal envelopes the power supply is continually recharging the Nd:YAG rods, which in some sense act as "optical capacitors," storing photons for time periods as long as ∼230 μs, the spontaneous radiative decay time of the 4 F 3=2 upper level of the 1064 nm lasing transition. For longer flashlamp durations the gain is continuously replenished as it is lost to stimulated and/or spontaneous emission. As will be shown below, for individual pulse spacing of the order of 20 μs or greater, there is very Fig. 2 . Two-pass small signal gain of analog modules model 8800V variable pulse width power supply for a variety of lamp energies and lamp charging pulse widths. The graph labeled "old" corresponds to fixed pulse width supply currently used for amplifier 1. substantial refilling of the gain between pulses, leading to higher individual pulse energies than those typically achieved with the old fixed duration power supplies.
As an example, Fig. 3 shows four representative burst sequences for the fundamental output at 1064 nm using the new power supplies. Note that in all cases the uniformity of the envelope shown is representative of that obtained for any random burst sequence. The upper left trace shows a ten pulse burst with 10 μs interpulse spacing (100 kHz repetition rate). The average energy per pulse is 83 mJ, but it is anticipated that this number can be increased by a factor of approximately 2 by more optimal selection of flashlamp pulse durations for each of the individual amplifiers and by optimizing the relative delay between them.
The upper right trace shows a burst of 20 pulses with 20 μs spacing (50 kHz). The average individual pulse energy for this case is 233 mJ and, as can be seen, the uniformity of the individual pulses within the burst is quite good ð∼ AE 5%Þ. At this repetition rate, similar to commercial "double pulse" Nd:YAG systems, the time interval between the pulses is sufficient to allow partial refilling of the gain prior to the next pulse, resulting in higher and more uniform pulse energy. In this regard we note that a custom designed variable pulse width flashlamp supply will be incorporated into a similar system currently under development as a source for high-repetition-rate Thompson scattering [6] . By taking advantage of gain refilling, and by adding high-energy Nd:glass final amplifier stages, individual pulse energies of ∼1-2 J, at 1064 nm, are anticipated at burst frequencies of the order of 50 kHz.
The lower left trace in Fig. 3 shows a sequence consisting of 20 pulses at 50 μs spacing (20 kHz). The average pulse energy is 400 mJ=pulse, corresponding to a total extracted energy of 8 J. Such burst energies are readily achievable due to increased gain refilling between the pulses. In this case, however, the uniformity of the intensity envelope, while still good, is somewhat degraded as the total burst duration (1 ms) is now equal to the nominal duration of the flashlamp pulse, which for this case is 1 ms. Finally the bottom right trace shows a 99 pulse burst at 10 μs spacing, with an average individual pulse energy of approximately 27 mJ. While this is somewhat low, it is more than enough for a variety of scattering based diagnostics. For example, we have recently employed the planar Doppler velocimetry method to perform quantitative velocity imaging at frame rates up to 250 kHz using pulse bursts of ∼1-10 mJ= individual pulse (at 532 nm) [24] . Finally it is noted that, due to limited sampling capability of our digital oscilloscope, a relatively high input impedance (∼10 kΩ) was used to capture the burst sequences presented in Fig. 3 . The true individual pulse durations are ∼6, 4, and 4 ns, for the 1064 nm, OPO signal (see Fig. 5 ), and 226 nm wavelengths (see Fig. 6 ), respectively.
B. Harmonic Conversion, OPO Output, and 226 nm Bursts Figure 4 shows average second-harmonic conversion efficiency (left) and a typical 532 nm burst (right) consisting of 12 pulses with 20 μs spacing and an approximate beam diameter of 8 mm. For this case, SHG data were obtained with a 10 mm × 10 mm × 10 mm type II KTP crystal at room temperature. It can be seen that the conversion efficiency reaches ∼50% for 1064 pulse energies of just under 100 mJ, a result which is similar to that previously reported using type I LBO [2] . It can also be seen that the secondharmonic pulse envelope is quite flat (AE10%), very similar to that of the input 1064 pulse train. Longer pulse envelopes, while not shown, exhibit similar behavior. It also appears that the conversion efficiency is still increasing with increasing pulse energy, although due to concerns about potential damage to the KTP crystal the average single pulse energy was restricted to less than ∼100 mJ. Figure 5 shows typical bursts for the Nd:YAG third harmonic (left) and OPO signal (right). In this case the signal burst is at 452 nm, but other wavelengths, including the idler waves, are essentially identical. Similar to Fig. 4 , the burst sequences in Fig. 5 consist of 12 pulses with 20 μs separation. For this case second-and third-harmonic wavelengths are generated using noncritically phase matched type I LBO, as discussed above. Conversion efficiency, from fundamental to third harmonic, is typically in the range 35-40%, as per our previous work using type I LBO. Figure 6 shows a typical 20 pulse, 10 μs spacing burst sequence at 226 nm, obtained from a 355 nm OPO pump train with an average single pulse energy of 34 mJ. The corresponding individual pulse energy of the 622 nm OPO signal is ∼4:8 mJ, which when mixed with the residual 355 nm pump energy of ∼11 mJ results in an average single pulse energy of ∼0:5 mJ at 226 nm. As can be seen, the temporal envelope of the 226 nm burst is, again, uniform to within approximately AE10%. In this case the OPO was operated without injection seeding, although seeded burst trains are essentially identical. While not measured, the spectral linewidth at 226 when the OPO is operated broadband is estimated to be ∼20 cm −1 , limited by the acceptance bandwidth of the BBO sum-frequency generation step.
C. NO PLIF Demonstration
As a demonstration of the capabilities of the upgraded laser system, we have obtained some initial NO PLIF imaging sequences in the Mach 3 wind tunnel shown in Fig. 7 , which was used in previous studies of supersonic magnetohydrodynamic flow control [25] . As indicated in Fig. 7 , the wind tunnel was slightly modified by utilizing what was a pressure tap, located in the vicinity of the Mach 3 nozzle exit plane, as a small orifice with which a sonic jet orthogonal to the principal flow axis could be introduced. For the image sequences to be displayed below the primary stream stagnation pressure was 350 Torr of pure N 2 , corresponding to a static pressure of 10 Torr at Mach 3. The NO seeded N 2 jet was operated with a back pressure of ∼700 Torr, with an NO seed fraction of 20%. This high seed fraction was utilized for convenience, enabling an existing premixed NO=N 2 cylinder to be used. Note that the actual average seed fraction in the flow was much smaller (∼1%) due to the small jet orifice (1 mm diameter) as compared to the ∼4:3 mm ðheightÞ × 38 mm ðspanÞ dimensions of the throat of the Mach 3 nozzle. Laser excitation employs the well-known A 2 Σðv 0 ¼ 0Þ←X 2 
Q
1=2 ðv 00 ¼ 0Þ transition in the vicinity of 226 nm [7] , which is generated by sum-frequency mixing of the OPO signal output at 622 nm with residual output from the 355 nm OPO pump beam. Note that, as alluded to above, for the images to be displayed below the OPO was operated with a single pass of the 355 nm pump and without injection seeding. In addition, for convenience, since the Mach 3 flow facility was located in a different laboratory than the burst mode laser, the NASA-Glenn Research Center portable burst mode system described in [3] , which has been loaned to our laboratory, was utilized for the proof of concept measurements. In order to obtain sufficient individual pulse energy at burst frequencies exceeding 100 kHz, the NASAGlenn system was modified by the addition of a second 12:7 mm YAG amplifier (for a total of seven). Figure 8 (top) shows a typical 355 nm burst sequence obtained from this system at 250 kHz. The individual pulse energy, similar to that of Fig. 6 , is ∼35 mJ. The middle and bottom traces show the OPO signal output at 622 mm and final 226 nm output (∼0:5 mJ), respectively. Note that this laser system utilizes fixed pulse width flashlamp power supplies, with a pulse duration of ∼300 μs. Figure 9 shows a typical sequence of NO PLIF images obtained at a 250 kHz burst frequency. The field of view is ∼9:5 mm ðhorizontalÞ × 7:1 mm ðverticalÞ, centered 13 mm downstream from the location of the 1 mm diameter NO seeded sonic jet. The Mach 3 flow is from left to right, and the jet is injected from the bottom at a location approximately 5 mm upstream of the leading edge of the observation window. The sheet was formed with the combination of a positive 20 mm focal length cylindrical lens and a positive 150 mm focal length spherical lens, producing a sheet with thickness estimated to be ∼50-100 μm. The PLIF signal was captured with an f =4:5-105 mm focal length UV lens, with an approximate 1∶1 imaging conjugate ratio and collection f number equal to approximately 9. The intensifier was operated with gain equal to approximately 85% of its maximum and gate duration of 100 ns. While this facility was not designed as a "jet in cross flow," the evolution and downstream progression of large scale structures formed by the interaction between the jet and the main flow are clearly evident. Despite the relatively low single pulse laser energy, the NO containing portion of the images exhibits a signal intensity level of approximately 60-80% of the full quantum well, which for the PSI-IV camera is ∼30; 000 photoelectrons. (The read noise, according to manufacturer's specification, is ∼5-10 photoelectrons.) Figure 10 shows an image sequence obtained at 500 kHz burst frequency. Despite the somewhat limited spatial resolution of the framing CCD camera, the evolution and downstream propagation of large scale turbulent structures is very clearly captured at this higher imaging frame rate.
Conclusions
Very significant enhancement of the achievable individual pulse energy of burst mode Nd:YAG laser systems has been demonstrated by incorporation of variable pulse duration flashlamp power supplies to as high as 230 mJ=pulse for interpulse spacing of 20 μs and 400 mJ=pulse for interpulse spacing of 50 μs. An increase in the achievable pulse train duration to ∼1 ms and train uniformity to ∼ AE 5% or better have also been demonstrated. In combination with a simple home built optical parametric oscillator system, planar laser induced fluorescence imaging of NO has been achieved in a Mach 3 wind tunnel at burst frequencies as high as 500 kHz. To our knowledge, this work represents the first demonstration of NO PLIF imaging at repetition rates exceeding tens of hertz.
